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Abstract
Transpired solar collectors are an economical and highly efficient option for applications
involving the heating of ambient air. A transpired solar collector is a type of solar air
heater in which outside air is continuously pulled through a perforated absorber plate and
subsequently warmed. These collectors can be used for numerous applications, including
crop drying, building ventilation, and desiccant regeneration. Transpired solar collectors
have minimal moving parts, typically resulting in low maintenance and operation costs. In
this study, absorber plates consisting of low-cost plastic sheets are characterized through
outdoor testing and are fitted to a theoretical model. Di↵erent design configurations using
plastic film sheets were tested at various solar fluxes (600, 800, and 1000 W/m2 ) and suction
velocities (0.005 to 0.045 m/s). One design configuration, comprised of 6 mil high-density
polyethylene (HDPE) sheeting, achieved thermal efficiencies up to 66 ± 6 % with temperature

rises as high as 28.4 ± 0.5 °C and useful heat gains per meter squared of collector area up
to 576 ± 28 W/m2 . The same HDPE collector with an additional transpired glazing layer

achieved efficiencies up to 79 ± 5 %, temperature rises of up to 46.8 ± 0.5 °C, and heat
gains up to 746 ± 30 W/m2 . Existing studies have not evaluated the e↵ect of a transpired
glazing, especially glazing made from plastic sheets. The performance model was used in
simulations to explore potential applications for this novel collector design.
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Problem Introduction

Motivation
Today’s engineers need to develop sustainable solutions for energy demands. The availability of resources, economic viability, and overall impact on the global and local climates
and environments need to be considered when developing new energy solutions. While a wide
variety of renewable energy technologies have been implemented over the years, natural gas
and other fossil fuel sources maintain a strong foothold as a global energy resource. The
U.S. Energy Information Agency estimates that CO2 emissions will increase by 0.8% annually because the price of natural gas is relatively low in the United States [1]. It is projected
that by 2050 approximately 2 billion metric tons of CO2 emissions will result from increased
natural gas usage – roughly 500 million metric tons more than today’s levels [1]. Continued
research is needed to mitigate fossil fuel usage and the associated climate warming e↵ects. In
particular, the transpired solar collector (TSC) is a promising solar thermal technology that
converts solar energy into usable heat energy for a variety of low-temperature applications.
The transpired solar collector was developed jointly by the U.S. National Renewable Energy
Laboratory (NREL) and Conserval Energy Systems Inc. in the late 1980s [2]. In general,
a TSC consists of a flat plate absorber panel comprised of a dark perforated material. The
collector is oriented such that the sun is directed at the surface of the absorber. The collector
absorbs the incident solar radiation and transfers the heat to the air that is pulled through
the collector plate using a fan or a blower. The ambient air is heated as it passes through the
absorber plate into the plenum, or collection space, behind the absorber plate. The heated
air flows through the system and is used directly for various applications. Some TSCs posses
an additional transparent layer of material that is mounted on top of the absorber plate and
is referred to as a glazing or covering. The glazing layer is typically made from plastic or
glass and allows for higher temperature air, but at a greater cost.
Transpired solar collectors o↵er a low-cost, high-efficiency means of heating outside air
for a variety of applications [3]. The collector design in the early works of Kutscher et al.
achieved thermal efficiencies over 70% in building preheating applications [4]. In this design,
the corresponding temperature di↵erence was 12 °C. NREL found that unglazed transpired
1

collectors used in building applications can preheat ambient air by as much as 22 °C (approximately 40 °F) [5]. Around 13% of energy use in the United States is used for heating
of residential and commercial buildings alone, hence this substantial increase in temperature
is very useful [6]. Hollick et al. conducted an economic analysis in which they found that a
TSC system used for a seed drying application in India will have a payback period of only
2 years, highlighting the cost-e↵ective nature of using TSCs in drying operations [7]. These
key research findings demonstrate the economic viability and e↵ectiveness of TSCs.
Despite the promising results from past research, there remains a need to expand upon
certain aspects of transpired solar collectors research. A vast majority of published works
in the field are focused on building integrated TSCs. These TSC systems have been proven
e↵ective in meeting building heating demands [8]. Moreover, stand-alone TSC systems have
a myriad of benefits as well, especially in more remote regions [9]. Greater emphasis can be
put on making glazed transpired solar collectors more a↵ordable. Glass plating is the most
common type glazing used for solar thermal collectors, however, construction and maintenance costs increase [10]. Materials such as greenhouse film or thin-film plastic sheeting
o↵er a low-cost, high-efficiency alternative to glass plate glazing. Low-cost absorber materials such as woven polypropylene (PP) or high-density polyethylene (HDPE) plastic films
have not been tested in existing studies. Extensive experimental research regarding TSCs
was conducted under highly controlled, indoor lab settings. This type of experimentation
may not capture some of the e↵ects of outdoor conditions such as wind speed and direction,
nor the convective and radiative heat losses that can occur. The work of this paper aims to
address these gaps in the current body of transpired solar collector research.

2
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Research Goal and Objectives
There is a lack of research regarding the usage of plastic film absorber plates and perfo-

rated glazing layers in the current field of transpired solar collectors. A continued e↵ort into
testing and characterizing perforated plastic film absorbers both with and without glazing
is necessary. The following goals are proposed to further the advancement in the field of
transpired solar collection:
To experimentally explore the impact of key design parameters such as suction flow rate,
hole pitch, and absorptance of absorber material on the performance of plastic film transpired
collectors to determine an optimal configuration. To use experimental results to develop a
collector model that can be used to investigate potential applications for this novel and
low-cost approach.

3

3

Literature Review

3.1

Overview of Solar Collectors

Solar thermal collectors utilize the useful heat gain from the sun’s radiation and are
distinguished as either concentrating or non-concentrating [10]. Concentrating systems typically have a concave reflecting surface that intercepts the beam radiation from the sun
and directs it to a smaller receiving area, hence, increasing the overall radiative flux [11].
These systems are designed primarily for medium to high-temperature applications. Nonconcentrating solar thermal collectors have an interceptor and absorber that are the same
size and are used typically for lower temperature applications [11–15]. In Table 1, Kalogirou
et al. present a list of currently available solar collector types used in the market:
Table 1: Solar Collector Classifications and Application Temperatures Adapted from [12]

The work presented in this paper, however, focuses only on low-temperature solar thermal
collectors, namely, transpired solar air collectors with and without a perforated glazing layer.

4

3.2

Solar Air Collectors

Solar air collectors fall into the category of low-temperature collectors having a 1:1 solar
concentration ratio. A solar air collector can be described as any solar thermal collector in
which the purpose is to heat air for direct use. These types of collectors are used for a variety
of applications, namely, drying agriculture products, drying textile and marine products, and
space heating of buildings [16–18].
3.2.1

Working Principle of Solar Air Collectors

The basic working principle of solar air collectors is generally the same across various
design configurations. Figure 1 shows a diagram of the major components and functionality
of an air collector.

Figure 1: Major Components of a Solar Air Collector modified from Saxena et al. [19]
(1) Inlet air duct (2) Outlet air duct (3) Absorber plate (4) Glazing/Covering (5) Rigid supporting
structure (6) Back insulation

Air enters or recirculates to the collector inlet duct, is warmed by the heat captured
by the absorber, then exits at the outlet duct to the application. In an active solar air
collection system, a blower is typically used to push or pull the air through the collector.
Solar radiation, Ic , is absorbed as heat energy by the absorber tray or plate. Note that
Ic is the total radiation hitting the absorber, including direct, di↵use, and reflected [20].
5

Absorbers have a variety of designs and are made from a wide range of materials. Many
solar air collectors have a transparent cover or glazing that is used to help protect the
collector and to minimize radiative or convective heat losses from the top of the surface [21].
3.2.2

Classification of Solar Air Collectors

Due to the vast number of configurations, it is rather difficult to classify solar air collectors
straightforwardly [22]. Oztop et al. classify solar air collectors according to major design
features including covering type (glazing), absorber material, absorber surface shape, airflow
pattern, and number of airflow passes [23]. Table 2 shows a summary of the various types
and design features.
Table 2: Classification of Solar Air Collectors by Design Feature Adapted from [19, 23]
Design Feature

Variations

Covering Type

Bare Plate, Single Plate, Multi Plate

Absorber Material

Metallic, Non-Metallic, Matrix

Absorber Surface Shape

Slats, Porous, Non-porous, Fins

Airflow Pattern

Over, Under, Both

Number of Flow Passes

Single, Double, Multi

The decision to include specific design features and their respective variations may be
based on the required operating temperature of the application or cost of fabrication. Flat
plate collectors are one of the most widely used types of solar air collectors [24]. However,
these systems often experience high heat losses and have a low convective heat transfer
coefficient between the absorber and air stream; hence, thermal performance can su↵er [25].
In Figure 2, Shukla et al. present some of the design variations of cover type and flow type
for solar air collectors reported in current literature.

6

Figure 2: Variations of Cover and Flow Types of Solar Air Collectors modified from Shukla
et. al [26]. (a) Bare plate solar air collector (b) Single cover solar air collector with over airflow
(c) Double cover solar air collector with over airflow (d) Single cover solar air collector with under
airflow (e) Double cover solar air collector with under and over airflow (f) bare plate transpired air
collector with airflow through absorber plate

Figure 2(a) shows a bare plate single-channel air collector. The air moves underneath the
absorber plate in which it gains heat by moving through the channel in this type of collector.
With these collector types, heat loss from the surface of the absorber is reported to be
significant [26]. Bare plate collectors are used commonly for crop drying or low-temperature
applications because of the substantial heat loss. However, despite poor performance, bare
plate collectors are compensated by their simplicity and low cost of construction [10].
The collector with a single covering shown in Figure 2(b) reduces the top heat losses
from the absorber while also increasing the temperature by the greenhouse e↵ect [26]. The
covering type is typically glass, plexiglass, or transparent plastics which can significantly
increase fabrication costs. However, the covering layer prevents convective heat losses from
the absorber plate, reduces long-wave radiative heat losses, and protects the absorber plate
from cooling in the presence of rainfall [10]. The addition of a second covering shown in
Figure 2(c) serves to improve the heat transfer of the collector further but increases the
material and fabrication costs.
Figure 2(d) is another single cover, single pass collector type known as a back-pass solar
air collector. Instead of the incoming air moving over the absorber plate, the flow pattern
here takes place underneath the absorber plate and above the insulation layer. Back-pass

7

solar air collectors are generally found to be more efficient than front-pass solar air collector
types [27].
Figure 2(e) shows a double cover, double pass collector type. Saxena et al. report that
double or multi pass collector types perform better at low flow rates and larger areas and are
also more cost e↵ective than single pass types [19]. On the other hand, the overall pressure
drop should be minimized to reduce the amount of pumping power required to recirculate
the airflow [19].
In Figure 2(f), Shukla et al. show an unglazed transpired solar air collector in which
the air is pulled through a perforated absorber plate and flows through a single channel.
Transpired collectors are usually unglazed because air pulled continuously through the absorber plate minimizes convective heat losses; nevertheless, the addition of a glazing layer
may decrease heat loss on from the collector surface. This collector type will be discussed
thoroughly in the next section.
The absorber material and absorber surface composition are also critical elements impacting the performance of solar air collectors. Generally, aluminum, copper, or stainless
steel is used to make metallic absorbers [11]. Some collector types employ variations of artificial roughness, including fins or slats, which leads to improved heat transfer and thermal
performance [19]. Figure 3 shows an example of a collector with slats to serve as artificial
roughness. Other types of absorbers presented in the literature include matrix structures. In
matrix absorbers, cold air flows through the voids of the matrix and extracts the absorbed
heat [19]. Figure 4 presents an example of a matrix type absorber. The purpose of matrix
structures or artificial roughness is to ultimately increase the contact between the incoming
air and the absorber plate to improve the overall heat transfer.

8

Figure 3: Solar Air Collector with Slats [28]

Figure 4: Solar Air Collector with Wire Matrix Absorber [29]

9

3.3
3.3.1

Transpired Solar Collectors
Overview of Transpired Solar Collectors

Transpired solar air collectors are a subcategory of solar air collectors. These collectors
o↵er an efficient and low-cost method of heating ambient air. They are mostly used in
preheating building ventilation air but are also useful for crop drying and desiccant regeneration [30]. The primary di↵erence is that the absorber is typically a thin, perforated plate
in which the ambient air is pulled through. Instead of entering the system at a specific inlet
duct, the air is pulled continuously through the collector’s face and is heated as it passes
through the perforations. Like other solar air collectors, transpired solar air collectors could
be either standalone [2, 9, 31] or integrated into a building for space heating [7, 20, 32–34].
Figure 5 shows a schematic of the general functionality of a transpired solar air collector.
Notice how the design is relatively similar to the one shown in the previous section. The
di↵erence here, however, is that ambient air enters the face of the collector, through the
absorber material, into the plenum (space between absorber plate and backside) and finally
towards the outlet duct.

Figure 5: General Functionality of Transpired Solar Air Collectors

10

Transpired solar collectors are rather simple designs, where the primary components are
a perforated absorber plate, perforated glazing plate (optional), and a plenum subject to
positive pressure [34]. The sun heats the dark-colored, perforated absorber and ambient air
is pulled through while simultaneously gaining heat. The glazing plate is mounted on the
face of the absorber plate, as shown in Figure 6. The glazing layer allows incident radiant
flux to transmit through to the absorber and prevents the heated air from re-radiating back
into the environment.

Figure 6: Diagram of Incident Flux Glazing and Absorber Plates

Figure 7 shows a schematic of a transpired solar collector system that is buildingintegrated for heating ventilation air. The basic principle is the same as stand-alone transpired solar collectors. The collector is positioned on the southward facing wall of the building
and is made of metal, generally. The collector is mounted away from the surface of the building in order to create the needed air gap or plenum [7]. For building-integrated transpired
solar collectors of this particular design, the National Renewable Energy Lab estimates that
in general, each square foot of collector will raise the temperature of 4 cubic feet per minute
by as much as 40°F. This temperature rise equates to as much as 240,000 BTUs annually
per square foot of installed collector [5, 6].
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Figure 8 is a photograph of SolarWall® ’s transpired solar collector integrated into a
building at Northern Arizona University. The total collector area is about 263 m2 , providing
solar-heated air in the winter and shade in the summer. NREL estimates it will generate
over 412 million BTUs per year with a payback period of fewer than eight years. Moreover,
SolarWall® purposes that this installation could reduce annual greenhouse gas emissions by
29 tons of CO2 [35].

Figure 7: Schematic of Unglazed Transpired
Solar Collector on a Vertical Wall [34]
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Figure 8: Charcoal SolarWall® Air
Heating System Installed at Northern
Arizona University’s New LEED® Silver
Distance Learning Center. Conserval Systems Inc.

3.3.2

Performance of Transpired Solar Collectors

Whereas other solar thermal collectors su↵er from natural convective heat losses, natural convective heat loss for transpired collectors is often negligible because the convective
boundary layer is continuously pulled through the absorber plate [25]. This theory was developed by Kutscher et al. [20] and will be discussed later in this work. The primary types of
studies regarding transpired air collectors include: mathematical modeling and physical experimentation, simulations including computational fluid dynamics (CFD), and parametric
studies [26].
There are many factors that influence the thermal performance of transpired solar collectors. Shukla et al. summarized the the various factors below [26]:
• climatic conditions: ambient/sky temperature, solar radiation, wind, rain, humidity
• site constraints: orientation, tilt, surroundings of site ie shading from structures
• collector properties: collector size, plenum depth, absorptance, material, porosity
• hole geometry: pitch, hole diameter, shape, pattern
• load characteristics: high/low temperature rise, recirculation, suction velocity
Because there are so many di↵erent factors that can influence the thermal performance
of transpired solar collectors, we must identify the most critical. Badache et al. conducted a
parametric study utilizing a design of experiments method in which they identified the most
critical performance parameters of TSCs. They concluded that the absorber coating, and
mass flow rate contribute the most significant e↵ect to the overall performance. Badache
also stated that the amount of irradiation is critical, while factors such as hole diameter for
the perforations are less critical [36].
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Kutcher et al. developed the early research regarding heat loss theory and performance
of transpired solar collectors, which serves as the basis for much of the subsequent work in
the field [4,20,32,37]. They proposed that the overall heat balance on an unglazed transpired
solar collector is given by:
Qu = ⇢cp v0 Ac (Tout

Tamb ) = Ic Ac ↵c

Qrad

Qconv ,

(3.1)

where ⇢, cp , v0 , Ac , Ic , and ↵c are the density of air, specific heat capacity of air, suction
velocity, e↵ective area of collector, solar radiation incident on collector, and absorptance
coefficient, respectively. The suction velocity is the velocity at which air moves through the
perforations of the absorber plate. The left-hand side of the equation represents the useful
energy collected. The first set of terms on the right-hand side of the equation represents
the total solar energy that is absorbed by the collector. The focus of Kutscher et al.’s work
was to determine the radiative and convective losses, Qrad and Qconv , in order to produce a
predictive model to determine collector efficiency.
Kutscher et al. state that radiative heat losses are found by considering losses from both
the sky and the ground. They determined that the radiative heat loss for a transpired solar
collector is given by:
4
Qrad = "c Ac Tcoll

where "c and

4
Fcs Tsky

4
Fcg Tgnd
,

(3.2)

are the absorber surface emissivity and Stefan-Boltzman constant, respec-

tively. Tcoll , Tsky , and Tgnd are the average temperatures of the absorber plate, sky, and
ground, respectively. The view factor term Fcs is the proportion of radiation leaving the
collector to the sky. Similarly, the view factor term Fcg is the proportion of radiation leaving the collector to the ground. Other assumptions that Kutscher made were that the wall
behind the collector plenum is adiabatic and at a temperature close to the temperature of
the absorber plate. Therefore, radiation loss to the back wall is negligible. To linearize the
radiation model, they defined the coefficient of radiative heat is as:
h r = "c

4
Tcoll

4
4
Fcs Tsky
Fcg Tgnd
Tcoll Tamb
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(3.3)

Determining the convective heat loss was not as straightforward for Kutscher et al. [20].
However, by analyzing the boundary layer at the downwind edge of the collector and integrating the product of the temperature and velocity profiles at this location, the convective
heat loss can be found [20]. By taking this approach, Kutscher found the convective losses
to be:
Qconv

⇣U ⌫ ⌘
1
= 0.82
W (⇢cp v0 (Tcoll
v02

Tamb )),

(3.4)

where U1 is the free-stream velocity (wind speed), ⌫ is the kinematic viscosity (m2 /s), and W
is the width of the collector. Kutscher shows how all the heat conducted into the boundary
layer is removed convectively by the suction of air, thus, it is assumed that there is no heat
loss due to natural convection. Additionally, the convective heat coefficient is defined by
Kutscher et al. as [4]:
hc = .82

U1 ⌫⇢cp
,
Lv0

(3.5)

where L is the length of the collector.
By substituting Eq. (3.2) and (3.4) into Eq. (3.1), the overall heat balance for a transpired
solar collector can be written as [4]:
Qu = Ic Ac ↵c

⇣ h
⌘
r
+ hc Ac (Tout
EHX

Tamb ),

(3.6)

where EHX is used to define the heat exchange e↵ectiveness for air flowing through an
absorber plate. It is defined as:
EHX =

Tout
Tcoll

Tamb
Tamb

(3.7)

Finally, by measuring the average temperature of the collector, Tcoll , the efficiency of the
collector is given by:

⌘=

⇢cp v0 (Tcoll
Ic
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Tamb )

.

(3.8)

Thus, the efficiency of a transpired collector is dependent on the suction velocity, solar
radiation on the collector, and the temperature di↵erence between the collector and absorber
plate. Figure 9 shows the theoretical results using the predictive efficiency model.

Figure 9: Theoretical Results Using the Kutscher et al. Predictive Model [4]

The efficiency increases with increasing suction velocity for collectors with di↵erent absorber emissivities and free stream velocities. Kutscher et al. note that as suction velocity
decreases, the e↵ect of wind speed on the collector efficiency increases, especially for absorbers with low emissivities. Additionally, they found that as the ambient temperature
decreases the surface temperature of the collector also decreases. Hence, efficiency increases
with decreasing ambient temperature [20].
In a later work by Kutscher et al., experimentation was conducted in order to investigate
the convective heat transfer e↵ectiveness for transpired collector plates with and without a
crosswind on the upstream face of the collector [32]. The goal was to develop a useful heat
transfer correlation for flow through the perforated plates of transpired solar collectors. The
authors state that these conditions include low suction flow rates (e.g., 0.01 to 0.05 kg/m2 s),
low porosity (less than 2 percent), staggered hole arrays, thin aluminum plate (typical for
building integrated TSCs), and a crosswind on the upstream surface. Figure 10 shows a
diagram of the experimental setup used.

16

Figure 10: Transpired collector test facility schematic showing wind tunnel, test loop, and
lamp array [32]. The transpired collector is located on the edge of the test box.

The absorber is comprised of a rectangular perforated aluminum plate in this experimental apparatus. 16 GE R-40 300-watt flood lamps were used to simulate solar flux, in
order to provide reasonably uniform illumination without creating local hot spots on the
absorber. The lamp array was aimed normal to the plane of the absorber and mounted 1 m
away. A high-head 2.36 m3 /s (5000 CFM equivalent) centrifugal unit was used to provide
adequate air-flow. Additionally, flow conditioning was used to provide uniform airflow which
consisted of a plastic honeycomb with one screen upstream and seven screens downstream
of the honeycomb.
This study considered three di↵erent methods for determining heat transfer e↵ectiveness,
namely, transient cool-down, energy balance method, and direct

T measurement. Kutscher

et al. conducted three methods of uncertainty analysis. Of the three methods, they decided
that the direct temperature measurement method would be the most useful because of the
acceptable accuracy at high e↵ectiveness values. Kutscher states that because the temperature di↵erences are so high, then the impact of uncertainties in temperature measurements
is low.
Kutscher et al. conducted a full factorial test to determine the various parameter sensitivities and their relative impacts. They examined varying hole size, spacing, and plate
thickness for standard transpired solar collector operating conditions. The tests revealed
that suction flow rate, wind speed, hole pitch, and hole diameter were the most important
17

parameters in determining heat exchange. Later parametric studies by Badache et al. found
that hole diameter is not that critical, although their methodology was di↵erent [36]. After
determining the most critical parameters tests were run on several variations of absorber
plates with di↵erent hole sizes, and a wide or narrow spacing at three suction mass flow
rates(0.02, 0.05, and 0.07 kg/m2 s) and three wind speeds (1, 2, and 4 m/s) The following is
a summary of Kutscher et al. findings [32]:
• E↵ectiveness increases with increasing wind speed
• E↵ectiveness decreases with increasing suction flow rate, pitch, or diameter
• For thin plates (1.588 mm or smaller) the plate thickness has a very small e↵ect
• Vertical orientation had only a slightly better performance than a horizontal orientation
• In the presence of crosswind, higher e↵ectiveness values are obtained using plates with
very little hole separation in the cross-stream direction of the hole rows.
It is possible that Kutscher et al.’s experimental setup does not truly capture the radiant
losses we would expect for an outdoor collector [32]. The fact that the lamp array to simulate
solar flux is mounted only 1 meter away from the collector may support this hypothesis. In
reality, the sun is much further from the surface of the collector, hence, exposed to lower sky
temperatures that would contribute to the radiant losses.
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The e↵ect of the heat exchange relation with various perforation geometry was investigated further by Van Decker et al. [38]. Their work extends the data of Kutscher to a broader
range of plate thicknesses, and hole pitches, as well as a new square pitch layout [38]. Figure
11 presents a diagram of the experimental test apparatus.

Figure 11: Drawing of Van Decker et al. test apparatus [38]. ”The mechanical support structure
keeping the components in position has been deleted for clarity. Legend: (1) plate under test; (2)
short-wave radiant source (solar simulator); (3) open circuit wind tunnel providing grazing wind
to plate; (4) air plenum compartment; (5) tube carrying airflow from one plenum compartment
(only one tube is shown, for clarity); (6) bank of rotameters for monitoring airflow through the
di↵erent plenum compartments; (7) orifice plate for measuring total airflow; (8) pipe leading to
blower sucking the air through the system; (9) set of halogen lamps [a component of (2)]; (10) a
’mirror duct’ for guiding light from the halogen lamps to the plate [a component of (2)]; (11) three
cooled glass sheets that shield the long-wave radiation from the lamps” [38]. Note: Van Decker et
al. does not explicitly state the reason for including long wave radiation shielding, but we assumed
that it is included to simulate radiant heat losses.

Van Decker et al. tested nine di↵erent plate configurations [38]. The plate materials
tested were aluminum, polyvinyl chloride (PVC), and stainless steel. Plate 1 had properties
identical to that of Kutscher et al. and with holes on a triangular pitch layout [32]. Plates
2 - 9 had holes laid out on a square pitch. Using a similar direct temperature measurement
method as Kutscher et al., the e↵ectiveness of each collector was determined [32]. Figure 12
shows a comparison of their measured experimental results against Kutscher et al.’s results.
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Figure 12: Experimental Measurement of E↵ectiveness vs. Predicted E↵ectiveness by the
Kutscher et al. model [38]

The results of the two experiments agree very well, demonstrating the usefulness of the
Kutscher model. Moreover, the results demonstrate that Kutscher’s model can be applied
to unglazed transpired collectors with a triangular pitch as well.
In addition to extending the data from Kutscher et al. work, Van Decker et al. determined
how di↵erent sections of the absorber plate contribute to the relative temperature rise of the
incoming air [4, 38]. Results of the study conclude that under normal testing conditions
about 62% of the temperature rise is predicted to occur on the front surface, 28% at the
hole, and 10% on the back surface.

20

3.4

Summary of Literature Review

• Transpired collectors o↵er an efficient and low-cost method of heating ambient air.
• Typical applications of TSCs include building ventilation, crop drying, and desiccant
regeneration [30].
• Climatic conditions, site constraints, collector properties, hole geometry, and load characteristics all influence the thermal performance of transpired solar collectors [26].
• Kutscher et al. developed the heat loss theory for transpired solar collectors [20].
• E↵ectiveness increases with increasing wind speed and decreases with increasing suction
flow rate, pitch, or diameter [32].
• The efficiency of the collector is mainly dependent on absorptivity, flow rate, and heat
exchange e↵ectiveness. Efficiency can slightly increase or decrease with variations in
radiation levels [4].
• A rise in the temperature of the incoming air is attributed to the front surface of the
metal absorber plate by 62%, the holes by 28%, and the back surface by 10% [38].
• Nearly all of the studies focus on unglazed transpired solar collectors.
• There is no comprehensive study of thin-film plastic sheets used for the absorber and
glazing material.
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4

Experimental Setup

4.1

Test Stand Specifications

A test stand was developed to measure and characterize the performance of thin-film
plastic transpired collectors. Figure 13 shows an illustration of the test stand setup. New
materials are used for the absorber plate, specifically, a 6mil DewittTM SBLT3300 Sunbelt
Ground Cover Weed Barrier comprised of woven polypropylene (PP) and a 6 mil highdensity polyethylene (HDPE) film from HDXTM . We also tested two new perforated glazing
materials, a 6 mil thick Sun Master® greenhouse film (GHF) and a Sun Master® 6 mil
thick infrared anti-condensate greenhouse film (IR-GHF). Unlike many experiments examined in the literature, this experimental setup was done under actual outside conditions
where changes in wind speed, cloud coverage, and realistic radiative and convective heat
losses could a↵ect performance.

Figure 13: Illustration of Transpired Air Collector Testing Apparatus

22

The perforated absorber plate (1) that we want to characterize is placed in a frame and
mounted on the test stand at any desired orientation relative to the sun. A LI-COR 200
Pyranometer (2) measures the amount of available solar flux and is positioned on the same
plane as the absorber surface. An Omega FTB-939 flow meter (3) measures the volumetric
airflow moving through the system. A San Ace 90 axial DC fan (4) pulls the air through the
system. Solar energy warms the air that enters the collector and moves through the system.
Omega K-Type thermocouples (5) are mounted to measure the temperature of the ambient
and the outlet air, and the air entering the flow meter. Because the density of air changes
with temperature, an additional thermocouple is placed immediately before the flow meter
to ensure we use the correct density in the mass flow rate calculations. A Davis Instruments™Anemometer (6) is mounted approximately 0.3 m above the test stand to measure
the relative wind speed and direction. National Instrument’s LabView software controls the
data acquisition and airflow of the system. All of the components are wired to a National
Instrument’s USB-X data acquisition (DAQ) system that reads each measurement type as a
voltage which corresponds to a particular physical value. The DAQ connects to a computer
which utilizes LabView to convert the incoming signals to their corresponding values. Table
3 below shows the measurement equipment specifications used in the experiments.
Table 3: List of Equipment with Corresponding Parameters
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Figure 14 presents a diagram of the absorber plate which consists of a plastic perforated
plastic sheet and a wooden frame.

Figure 14: Diagram of Absorber Plate

The absorber material is stretched tightly and stapled to the frame. Holes are arranged in
either a square or triangular pattern throughout the absorber material. Circular holes with
diameter, d, of 6.35 mm (0.25 in) are made on the absorber and glazing plate’s surfaces.
q
The hole spacing or pitch, P , values of 2.54 cm (1 in) and 1.80 cm ( 12 in) are examined
in this study. The e↵ective absorber surface area, AC , is the area of plate material within

the wooden frame. The reflective aluminum tape covers the wooden frame to ensure that
the measured heat transfer is solely from the energy absorbed by the e↵ective area. Glazing
plates were constructed in the same manner as the absorber plates. We only examine glazing
plates with a pitch of 2.54 cm in this work. The space between the absorber and the glazing
is equal to the thickness of the frame, approximately 1.9 cm ( 34 in).
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4.2

Data Collection Procedure

During each testing period, the ambient temperature, outlet temperature, solar flux, flow
rate, wind speed, and wind direction are measured over a 10 to 12 minute period and
averaged. Measurements were made continuously during a 10 second period, and the average
value was logged. After each 10 to 12 minute testing period, a step change occurred in which
either the incident flux or flow rate was changed. When the step change initially took place, a
waiting period occurred for approximately 1 minute before data was collected. We did this to
ensure the system was in a steady-state over the testing period. In general, experiments were
conducted on days in which there were mostly clear skies and low strength wind conditions
(less than an average of 2 m/s over a given 10 minute testing period). We followed these
testing conditions in order to have consistency in data collected over multiple days and to
minimize noise from large wind gusts and cloud coverage. Figure 15 shows an example of
the raw data that was collected in which solar flux, Ic , is plotted over time. This data was
collected on 07/07/19 starting at 1:20 PM EST and ending at 6:30 PM EST.
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Figure 15: Solar Flux Over Time for Experiment Conducted on 07/07/19

Testing generally occurred on clear days with negligible wind incident on the collector.
The collector performance was initially evaluated at a constant flux of 1000 W/m2 from 1:12
PM EST to 3:35 PM EST. The few outlying data points and noise between 2:30 PM EST
and 3:30 PM EST are a result of small clouds. The averaging and analysis in the following
sections do not include this portion of data. Section 4.3.1 details the method in which raw
data is filtered from further analysis. The second part of the test on this day evaluated
the collector performance at 800 W/m2 from 3:36 PM EST to 5:30 PM EST. Note that
the orientation of the collector was adjusted manually to hold the solar flux incident on the
absorber plate constant. The gap in the data around 4:45 PM EST was a result of the
data logging software crashing momentarily; hence, the DAQ did not log any measurements
during this time. The final part of the testing evaluated the collector performance at 600
W/m2 from 5:35 PM EST to 6:00 PM EST. Buildings blocked the sunlight at this time of
day, consequently ending the testing for this day.
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At solar fluxes of 600, 800, and 1000 W/m2 the fan was adjusted multiple times to test
collector performance at various volumetric flow rates, V̇
– , (0.005 m3 /s to 0.045 m3 /s). Figure
16 shows the raw data collected for flow rate over time for the same testing day shown in
Figure 15.
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Figure 16: Volumetric Flow Rate Over for Experiment Conducted on 07/07/19
About 1 minute of initial measurement data was not included in the averaging to further
ensure the system has reached a steady-state between step changes. Occasionally, it was
difficult to maintain a flow rate of 0.045 m3 /s for a full 10 minutes due to the fan’s ability
to maintain constant speed because of pressure drops within the system. Thus the data
for 0.045 m3 /s testing period at 5:20 PM EST was not included in further analysis. Data
was taken continuously during each step change, and an average value was logged every 10
seconds. For each step change, approximately 10 minutes of data was collected and averaged.
We averaged the total number of data points logged over a ten-minute step change, and the
corresponding performance parameters ⌘, Qu , and

T were evaluated. We compiled each

averaged data point for every usable testing period and generated plots, as demonstrated
later in Section 4.5.
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A thermocouple mounted on the shaded backside of the test stand measures the ambient
temperature, Tamb . Similarly, a thermocouple mounted immediately at the outlet of the
collector measures the temperature exiting the collector, Tout . Figure 17 shows both of
these measurements over time for the experimentation conducted on 7/7/19. In general,
the ambient temperature remains fairly constant with minor fluctuation that may be due
to cooling from relative wind gusts or radiant heat from the ground near the collector. The
three sections of the outlet temperature dropping o↵ are a result of the changes in flow
rate while evaluating performance at the three di↵erent solar flux densities. Although we
are using ten-minute averaged values of temperature, this plot of raw temperature data over
time demonstrates the trend that the di↵erence in ambient and outlet temperature decreases
with increasing flow rate. This concept is explained further in Section 4.5.
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Figure 17: Temperature Over Time for Experiment Conducted on 07/07/19
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A Davis Instruments anemometer is used to measure the wind speed and direction relative
to the collector. While this data is not used directly in computing the useful energy, efficiency,
and temperature change of the collector, it helps provide insight as to the conditions during
experimentation. Wind speed and direction data is measured over a 10 second period, and
an average value for each is computed and plotted. For this study, we avoided using data
points in which the average wind speed is over 2 m/s.
We believe that the direction of the wind incident on the collector a↵ects the overall
performance. The wind that is approaching directly behind the collector is considered to be
either 0 or 360 degrees. Similarly, wind approaching directly at the front face of the collector
is orientated to 180 degrees. Between 0 and 180 degrees, the wind approaches from an angle
on the left-hand side when facing the rear of the collector. Between 180 and 360 degrees, the
wind approaches from an angle on the right-hand side when facing the rear of the collector.
We believe when the wind is directed at the face of the collector, the overall performance
improves. In contrast, wind directed at the rear of the collector degrades performance by
creating a reverse suction e↵ect causing convective heat losses. However, due to the inability
to run experiments under constant wind conditions, it is not possible to make a definitive
conclusion about this theory. Figures 18 and 19 show the wind speed and direction over
time for an experiment conducted on 07/07/19.
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Figure 18: Wind Speed Over Time for Experiment Conducted on 07/07/19
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Figure 19: Wind Direction Over Time for Experiment Conducted on 07/07/19
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4.3
4.3.1

Data Processing
Filtering Raw Data

Generating the plots shown in Figures 20 and 21 allows a qualitative assessment of the
raw data to determine what is and is not usable for analysis. Ideal raw data would have
as minimal noise or fluctuations as possible. Figure 20 shows an example of unusable data
with a lot of noise in which the volumetric flow rate is plotted over time for an experiment
conducted on 10/10/18. Consistent gusts of wind may generate noise within the flow rate
data; however, according to the experimentation notes for this day, there was very minimal
wind. We discovered that the ball bearing assembly in the flow meter was failing, which
caused the turbine assembly to catch and log inaccurate flow values. Even with averaging
over each ten-minute step-change period, the high degree of noise would not yield accurate
results. Therefore, we decided not to include this testing day into the compiled data results.
The ball bearings have since been replaced, which resulted in significantly less flow rate noise.
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Figure 20: Volumetric Flow Rate Over Time for Experiment Conducted on 10/10/18
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Figure 21 shows an example of solar flux over time data that we excluded from the analysis.
The day started with constant solar flux, but by 12:00 PM EST cloud coverage increased,
causing many fluctuations in the raw data. It was challenging to get a full ten minute testing
period without having intermittent cloud interference; hence, the system did not achieve an
actual steady-state. If we were to measure the useful energy, temperature change, and
efficiency of the collector when it is not in a steady-state, we would not achieve reliable
results. It is vital to assess the raw data for both the flow rate over time and the solar
flux over time, mainly because we are testing in an environment where we have no control
over weather conditions. It is not uncommon for the solar flux data to appear constant and
uniform while the flow rate data has a significant amount of fluctuation (or vice versa). The
study did not include any data for this particular day because of the significant fluctuation
in solar conditions.
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Figure 21: Solar Flux Over Time for Experiment Conducted on 06/12/19
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4.3.2

Governing Equations

By measuring the inlet and outlet temperatures, incident solar flux on the collector, and
volumetric airflow rate we can determine the corresponding temperature change,

T , useful

energy, Qu , and efficiency, ⌘ of a given collector configuration. For a system in which steadystate conditions are assumed, the useful heat gain of a transpired solar collector is:
Qu = ṁcp T.
The terms ṁ, cp ,

(4.1)

T represent the air mass flow rate, the specific heat capacity of air, and

the di↵erence between the inlet and outlet air temperatures ( T = Tout Tamb ), respectively.
Note that Tin = Tamb for a transpired collector as shown by Kutscher et al. [4]. The mass
flow rate, ṁ, of air may be expressed as:
ṁ = ⇢v0 Ac ,

(4.2)

where ⇢ is the density of air, v0 is the suction velocity (also referred to as face velocity), and
Ac is the area of the absorber surface. Thus, the volumetric flow rate is expressed as:
V̇
– = v0 Ac = ṁ/⇢

(4.3)

Although our flow meter is measuring the volumetric flow of air, it is useful to use the
suction velocity expression if we wish to compare collectors with di↵erent areas and ducting
geometries. Substituting Eq (4.2) into Eq. (4.1) gives a useful heat gain as follows:
Qu = ⇢v0 Ac cp T

(4.4)

The thermal efficiency is the ratio of useful heat gain to the solar radiation incident on the
collector surface as follows:
⌘=

Qu
Ic Ac
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(4.5)

4.4

Optical Properties of Glazing and Absorber Materials

A Shimadzu UV-2600Plus spectrophotometer was used to determine the solar absorptance
and transmittance coefficients of the absorber and glazing materials. The absorptance, ↵c ,
is defined as the ratio of the absorbed radiant flux to the incident radiant flux [39]. The
transmittance, ⌧c , is defined as the ratio of the radiant flux transmitted through a material
to the incident radiant flux [39]. We cannot measure the absorptance of a material directly;
however, by measuring the reflectance and transmittance of the material, we can extract the
materials absorptance coefficient. The reflectance is the ratio of reflected radiant flux to the
incident radiant flux [39]. We measure the reflectance and transmittance over a wavelength
range of

= 250-1400 nm using the ASTM 903-12 reference standard [39]. The absorptance

is the remaining percentage of light measured over the spectrum. In Figure 22, the percentage
of light that is reflected, transmitted, and absorbed by the HDPE material is plotted against
the wavelength of light. The HDPE material is very opaque, so we would expect most of
the light to be absorbed and very little transmitted. The surface of the material is partially
glossy; thus, it is reasonable that it reflects a small percentage of light.
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Figure 22: Example Optical Raw Data for HDPE Absorber Material
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The spectrum is weighted by an appropriate standard terrestrial solar spectrum to compute the solar weighted absorptance, transmittance, and reflectance [40]. Note that the
actual solar spectrum wavelength range is from 250 to 2500 nm; consequently, there is some
uncertainty in the measurements. However, the spectral irradiance (the radiant flux of a
surface per unit frequency or wavelength) after
irradiance in the

= 1400 nm is quite small compared to the

= 250 to 2500 nm range [40]. The ASTM G173-03 Reference Spectra

Derived from SMARTS v. 2.9.2 at airmass 1.5 was used [41]. Table 4 presents the computed
solar weighted absorptance, transmittance, and reflectance of each material. The two absorber materials, HDPE and PP, are very opaque and have the same absorptance coefficients
of ↵c = 0.950 ± 0.005. The amount of light that transmits through the absorber materials
is negligible as most of the radiant flux is absorbed. One glazing is made from a standard
greenhouse film (GHF) made of a low-density polyethylene (LDPE) and a linear low-density
polyethylene (LLDPE) resin. The other glazing is an infrared reduction greenhouse film (IR
GHF) that is comprised of an ethylene-vinyl acetate (EVA) and a polyethylene (PE) resin.
We measured a transmittance coefficient of ⌧c = 0.870 ± 0.005 for each glazing material.
Table 4: Measured Solar Absorptance and Solar Transmittance Coefficients
Material

Solar Absorptance, ↵c

Solar Transmittance, ⌧c

Solar Reflectance, ⇢c

HDPE

0.950 ± 0.005

-

0.04 ± 0.005

PP

0.950 ± 0.005

-

0.04 ± 0.005

LDPE, LLDPE

0.070 ± 0.005

0.870 ± 0.005

0.060 ± 0.005

PE, EVA

0.050 ± 0.005

0.870 ± 0.005

0.080 ± 0.005
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4.5

Uncertainty Analysis

Refer to Table 3 for the uncertainty for each measurement. The e↵ective area of the
collector, Ac , is the product of the length, L, and width, W , of the absorber sheet. Each
distance was measured using a meter stick in which a fixed error of ±2.54 ⇥ 10

3

m was

assumed. An error of ± 0.35 °C was used for the temperature measurements based on
measured errors between the inlet and outlet temperature probes and a reference probe over
a range of temperatures of interest (25 - 60°C). The following series of equations demonstrate
how the root sum squared (RSS) method was applied to our equation for useful heat gain
and how the propagation of uncertainty was determined. We first begin with the equation
for useful heat gain, namely:
Qu = ⇢v0 Ac cp T

(4.6)

For this equation cp is assumed to be constant and the variables ⇢, v0 , Ac , Tout , and Tamb are
all measured with some degree of uncertainty. Therefore, the root sum squares uncertainty
for Qu is then given by:
s
Qu =

@Qu
⇢
@⇢

2

+

@Qu
v0
@v0

2

+

@Qu
Ac
@Ac

2

+

@Qu
@ T

T

2

(4.7)

The partial derivatives for each measurable variable are then calculated:
@Qu
@⇢
@Qu
@v0
@Qu
@Ac
@Qu
@ T

= v0 Ac cp T

(4.8)

= ⇢Ac cp T

(4.9)

= ⇢v0 cp T

(4.10)

= ⇢v0 cp

(4.11)

Therefore, the propagation of uncertainty in the useful energy, Qu , is expressed as:
q
2
2
2
2
Qu =
v0 Ac cp T ⇢ + ⇢Ac cp T v0 + ⇢v0 cp T Ac + ⇢v0 cp T
Similarly, the propagation of uncertainty in the efficiency, ⌘, is expressed as:
s
1
Qu
Qu
2
2
2
⌘=
Qu +
Ic +
2
2 Ac .
Ic Ac
Ic Ac
Ic Ac
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(4.12)

(4.13)

5

Results and Comparisons

5.1

Sample Results

After the raw data was filtered and processed for each ten-minute testing period, the useful
energy Qu , efficiency ⌘, and temperature rise

T were computed and plotted against the

suction velocity v0 . Figure 23 shows the useful energy as a function of suction velocity for
an unglazed HDPE collector with a hole pitch of 2.54 cm and incident solar flux of 800
W/m2 over three di↵erent testing days. The useful energy of the collector increased with
increasing suction velocity. The rate of change decreases as the suction velocity increases.
Similar trends have been observed by Kutscher et al., VanDecker et al., and Shukla et
al. [20, 26, 38]. Although these three data sets are taken over di↵erent days, the results are
relatively consistent with one another. The useful energy data taken on 7/9/19 is slightly
lower than the useful energy that we measured on 7/14/19. Both days had very similar
weather conditions; however, the wind direction data indicates that during the testing period,
a majority of the wind was directed at the rear of the collector. While we cannot definitively
state this is as the reason for smaller useful energy on this day, it supports the theory that
wind direction can a↵ect the overall performance.
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Figure 23: Reference Case: Qu = f (v0 ) at Ic = 800 W/m2 for an Unglazed HDPE Absorber
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In Figure 24, the efficiency as a function of suction velocity is plotted. We would expect
this plot to be very similar to the data shown in Figure 21 since ⌘ is the useful energy per
incident solar radiation on the absorber surface, which is constant for these particular data
points. High efficiency is the result of a larger flow rate which is better at transferring heat
away from the absorber plate [3]. We would also expect the rate of change in efficiency to
decrease as a suction velocity increases. The efficiency is a useful indicator as to how much
heat is lost to the surroundings. For this collector configuration, at 800 W/m2 the maximum
efficiency seems to approaches 70%, which is consistent with trends observed by Kutscher et
al. [20].
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Figure 24: Reference Case: ⌘ = f (v0 ) at Ic = 800 W/m2 for an Unglazed HDPE Absorber
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In Figure 25, the change in temperature as a function of suction velocity is plotted. In
general, the rate of change in

T decreases as suction velocity increases. Kutscher et al.

supports this trend [20]. The temperature di↵erence between inlet and outlet air is highest
at low suction velocities because the incoming air moves slower, resulting in higher outlet
temperatures. However, because the air is moving slower through the system, less air is
heated over time. Therefore, the useful energy and efficiency are low. Conversely, although
the temperature change is lower at high suction velocities, more air is being heated over time
which results in much higher degrees of useful energy and efficiencies.
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Figure 25: Reference Case:

T = f (v0 ) at Ic = 800 W/m2 for an Unglazed HDPE Absorber
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5.2

Data Reduction

During this study, the amount of time in which the weather was considered adequate for
testing varied each day. Hence, the number of times we made a particular measurement for
a given step change was inconsistent. Referring to Figure 22, the useful energy was only
measured once at a suction velocity of 0.047 m/s, whereas at a suction velocity of 0.032 m/s
the useful energy was measured three times over three di↵erent testing days. Ideally, we
would want to make measurements multiple times at each suction velocity to improve our
estimate for uncertainty. Unfortunately, due to weather and time constraints, this was not
always possible. Although taking multiple measurements at a single step change reduces
uncertainty in our measurements, it also tends to spread out the data which can make it
challenging to analyze and interpret. This difficulty is not necessarily observed when plotting
data for a single collector configuration at a single solar flux level. However, if we wish to
compare di↵erent configurations or the e↵ect of di↵erent flux values the plots become visually
problematic . Consider the sets of data shown in Figure 26.
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Figure 26: Example of Non-Averaged Data: Qu = f (v0 ) for Unglazed HDPE Absorbers
with pitch, P = 2.54 cm and P = 1.80 cm, at Ic = 600, 800, and 1000 W/m2
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The useful energy is plotted as a function of suction velocity for two absorber plates with
di↵erent hole pitches. The absorber with a 2.54 cm pitch is denoted by 4’s and the absorber
with a 1.80 cm pitch is denoted by #’s. Additionally, the useful energy was measured for
each collector under three flux densities (600, 800, and 1000 W/m2 ). The goal here is to

demonstrate the e↵ect of varying the hole spacing within the absorber material. However,
the number of data points presented for each series is somewhat distracting. To simplify our
plots in a more manageable and efficient manner, we averaged the under the same conditions
(flow rate and solar flux) for a given collector configuration. Figure 27 communicates the
same data that is in Figure 26, however, a single averaged point is used. By reducing the
number of data points, the individual data series are more distinguishable. Note that the
data presented in Figure 27 shows that the useful heat gain is generally the same for each
di↵erent pitch configuration. This finding will be interpreted in greater detail later in Section
5.5. It is included in this section merely to highlight how the data is reduced.
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Figure 27: Example of Averaged Data: Qu = f (v0 ) for Unglazed HDPE Absorbers with
pitch, P = 2.54 cm and P = 1.80 cm, at Ic = 600, 800, and 1000 W/m2

41

5.3

Solar Flux Impact

Using the same unglazed transpired HDPE collector as in Section 5.1, the useful energy
was measured for three constant flux values (600, 800, 1000 W/m2 ) under a range of suction
velocities (0.005 to 0.047 m/s). Figure 28 demonstrates the positive correlation of increasing
suction velocity and increasing useful energy for the three radiation levels. Because the
useful energy in the system is a direct result of the energy gained from the sun, we would
expect higher solar radiation levels to result in a greater amount of useful energy. At low
suction velocities, the amount of useful energy at the three di↵erent radiation levels are fairly
similar. Low suction velocities result in a slower heat delivery, hence, the useful energy is
low despite the di↵erences in incident solar radiation. As the suction velocity increases it
becomes clear that the higher the solar radiation the greater the useful energy.
700
600

Qu (W)

500
400
300
200
Unglazed HDPE; ! = 2.54 cm, " = 1000 W/m²

100

Unglazed HDPE; ! = 2.54 cm, " = 800 W/m²
Unglazed HDPE; ! = 2.54 cm, " = 600 W/m²

0
0.000

0.010

0.020

0.030

0.040

0.050

0.060

v0 (m/s)

Figure 28: Qu = f (v0 ) for an Unglazed HDPE Absorber at 600, 800, and 1000 W/m2
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For the same collector configuration, the efficiency was measured at the same solar radiation levels and over the same range of suction velocities. Based on the proximity of each
data series in Figure 29 it appears that solar flux does not significantly influence the collector
efficiency. A number of di↵erent studies demonstrate this trend [4,9,20,26,42]. Additionally,
we would expect the efficiency to decrease as radiation increases as demonstrated by [9, 36].
This trend is expected because heat loss increases when the radiation increases. However,
we did not see this trend as shown in Figure 29 where the highest efficiency was highest
between 0.022 - 0.043 m/s when measured at a constant level of 1000 W/m2 . We would
expect to see the efficiency to consistently be the highest for solar flux levels of 600 W/m2
and lowest for 1000 W/m2 . This unexpected trend may be due to some of the noise that was
not captured in the experimentation. For instance, because the data was taken over multiple
days the wind conditions, the collector tilt angle, and the collector angle relative to the sun
may be inconsistent. Moreover, the measurements for a constant flux of 1000 W/m2 were
only made once due to time and weather constraints, hence, it may be merely a coincidence.
Future work should make multiple measurements of each data point.
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Figure 29: ⌘ = f (v0 ) for an Unglazed HDPE Absorber at 600, 800, and 1000W/m2
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Based on the plot in Figure 30, overall temperature rise,

T , increases for increasing solar

radiation. This trend is similar to the relationship between useful energy, and solar radiation
showed previously. For every measurement made at each suction velocity the collector under
a constant 1000 W/m2 , had the highest change in temperature, followed by 800 and 600
W/m2 . As suction velocity increases the rate at which the temperature changes decreases
for each of the solar radiation levels. If the plot were to continue to higher suction velocities
it is likely we would see each the three di↵erent series to converge to a similar minimum
temperature change.
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Figure 30:

T = f (v0 ) for an Unglazed HDPE Absorber at 600, 800, and 1000W/m2
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5.4

Absorber Material Impact

Two thin film plastic materials were used as absorber plates in this study, namely, a 6
mil thick high-density polyethylene (HDPE) from HDXTM and a 6 mil DewittTM SBLT3300
Sunbelt Ground Cover Weed Barrier comprised of woven polypropylene (PP). These materials were selected because they are inexpensive, readily available, and have not been utilized
for such applications before. Each absorber material had holes arranged in a square format
with a pitch of 2.54 cm. In Figure 31, the measured useful energy of each material was
plotted.
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Figure 31: Absorber Material Comparison: Qu = f (v0 ) for HDPE and PP absorber plates

At each radiation level and suction velocity, the performance of each material was fairly
consistent with one another. However, at 1000 W/m2 the measured useful energy for the
HDPE collector was about 10 percent higher than the PP material. For future research, we
recommend testing at higher and lower flow rates in addition to repeated measurements to
verify this di↵erence. The polypropylene and the high density polyethylene had the same
absorptance coefficient of ↵c = 0.950 ± 0.005. To make measurements at a constant flux of
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1000 W/m2 the collector needed to be directed more normal to the sun than at fluxes of 800
W/m2 or 600 W/m2 . When testing the HDPE material, it was observed that the material
would expand and sag into the plenum of the collector. The sagging e↵ect is demonstrated
in Figure 32, note that when the absorber deforms the normal plenum depth decreases.

Figure 32: Illustration of HDPE Absorber Deformation

We assume that the sagging is due to the HDPE material expanding while under high
levels of radiation. The polyethylene material did not expand in such a manner under the
same solar conditions. The wind conditions for testing periods were the same; however, the
data in Figure 31 suggests that the sagging of the material can influence performance. Due
to time constraints, we did not evaluate the e↵ect of this sagging phenomenon in this study,
but we recommend doing so in future work.
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The di↵erence in performance at high solar radiation levels is further demonstrated in
Figure 33 in which the temperature change is plotted as a function of suction velocity.
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Figure 33: Absorber Material Comparison:

The plot reveals that

T = f (v0 ) for HDPE and PP absorber plates

T as a function of suction velocity is very similar for the two

materials at lower solar radiation levels. For low flow rates, the temperature change for the
HDPE collector is much higher than the PP collector. At a suction velocity of 0.032 m/s, the
temperature change for each material at 1000 W/2 are nearly equal. The sagging e↵ect was
not observed at suction velocities of 0.032 m/s or higher. One reason for this may be that at
high suction velocities, the plate itself cools more rapidly, which causes the HDPE material
to contract and return to a regular, uniform, shape. Future work should measure the sagging
distance, over a broader range of suction velocities. For suction velocities of 0.032 m/s and
above, we would expect the temperature change of the two materials to remain nearly equal.
Because the results did not truly demonstrate which material performs better, the HDPE
material was selected primarily on the basis it is slightly less costly than the polypropylene
material (HDPE ⇡ $0.54/m2 , PP ⇡ $0.74/m2 ).
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5.5

Hole Pitch Impact

According to Van Decker et al., the efficiency, ⌘, and heat exchange e↵ectiveness, EHX ,
decrease with increasing hole pitch of an unglazed transpired collector [38, 43]. The data
presented in Figure 34 does demonstrate this decrease in efficiency. The absorber with the
smaller pitch was 10% more efficient than the absorber with a pitch of 2.54 cm at a constant
flux of 800 W/m2 . However, when tested at 600 and 1000 W/m2 , this 10% rise in efficiency
was not observed. Recall Figure 27 which plotted useful heat gain against suction velocity
for two di↵erent pitch configurations. For 1000 and 600 W/m2 the useful heat gain was very
close despite the same pitch. The only di↵erence was in the 800 W/m2 measurements where
the collector with the smaller pitch of 1.80 cm had a 10% higher useful heat gain on average.
The 600 and 1000 W/m2 measurements were not included in Figure 34 in order to see the
di↵erence in efficiency more clearly for the 800 W/m2 measurements.
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Figure 34: Hole Pitch Comparison: ⌘ = f (v0 ) for P = 2.54 cm and P = 1.8 cm
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A pitch of P = 1.8 cm was selected primarily on the basis it was faster and easier to
construct. First, the unglazed HDPE collector with P = 2.54 cm was tested, then additional
perforations were made in the center of a grid of four existing holes. Note that with this
hole placement, the absorber now has a triangular pitch configuration instead of a square.
According to Van Decker et al., the same heat exchange relations apply for an absorber with
a square pitch layout and a triangular pitch layout [38].
Additionally, the temperature change between the inlet and outlet air temperatures for
both absorbers was measured and plotted, as shown in Figure 35. The results do not indicate
any significant di↵erences in the two pitch values. Further testing and a smaller pitch distance
is recommended for future work in order to see the performance di↵erences noted in the
literature.
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Figure 35: Hole Pitch Comparison:

T = f (v0 ) P = 2.54 cm and P = 1.8 cm
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5.6

Impact of Perforated Glazing

The final sets of experiments in this study aimed to evaluate the impact of adding a
glazing layer to a transpired solar collector. The impact of glazing on a transpired solar
collector had not been studied, specifically glazing comprised of plastic film sheets. The only
study we came across in the literature review was by Li et al. in which they studied glass
glazing with slit-like perforations [44]. In this work, a standard 6 mil Sun Master® Pull
and Cut Greenhouse Film (GHF) and a 6 mil Sun Master® Infrared (IR) Anti-Condensate
Greenhouse Film were the two di↵erent materials examined. A glazing layer on a transpired
solar collector could reduce the radiant losses from the face of the collector. Additionally,
today’s greenhouse films o↵er high light transmission and durability, are low cost, and are
simple to handle and mount (especially for large areas) [45].
The standard GHF is comprised of a three-layer copolymer resin, which includes lowdensity polyethylene (LDPE) and a linear low-density polyethylene (LLDPE) [46]. Sun
Master® advertises 0.92 light transmittance; however, measurement with the Shimadzu
UV-2600Plus spectrophotometer resulted in a transmittance value of ⌧c = 0.870 ± 0.005.
The IR film is also comprised of a three-layer copolymer resin, which includes polyethylene
(PE) and ethylene-vinyl acetate (EVA) [47]. The transmittance for this film was also ⌧c =
0.870 ± 0.005. According to Sun Master® , this type of film is designed to absorb and
re-radiate infrared heat back down to the crops, or in this case, the absorber plate.
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Both of the glazing plates have a square pitch of 2.54 cm and are mounted to an HDPE
absorber with the same pitch configuration. The glazing plate perforations and the absorber
plate perforations were staggered, such that the holes on the glazing were between two holes
in the absorber plate. The useful energy was measured as a function of suction velocity at
a constant flux of 1000 W/m2 , and a plot was generated as seen in Figure 36.
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Figure 36: Standard Greenhouse Film vs. Infrared Greenhouse Film: Qu = f (v0 ) Note:
Each absorber plate is comprised of HDPE with P = 2.54 cm and each glazing layer has P
= 2.54 cm.

Results indicate that for low suction velocities (less than 0.020 m/s), there is not a significant amount of di↵erence in useful energy. However, for high suction velocities (greater than
0.020 m/s), the measured useful heat gain for the standard glazing is continuously higher
than the IR glazing. On average, the standard film was approximately 12% higher than the
IR film. One reason for this may be because the IR film has a higher di↵usion percentage
than the standard film, 52% and  25%, respectfully. While the di↵usion of light may aid
in applications such as growing crops, it may hinder the performance of solar thermal applications because the di↵used radiation is not as intense as direct beam radiation. We would
expect the IR glazing to perform better than the standard glazing because of its advertised
ability to retain infrared heating. Based on the results this is not the case. Interestingly,
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although the two materials had equal transmittance coefficients of ⌧c = 0.870 ± 0.005, the
standard glazing performed slightly better than the IR glazing. The standard greenhouse
film was used for the remainder of the glazing experiments based on the results from this
test and the fact that the IR film is more expensive per unit area.
The next set of experiments aims to determine how much the addition of a thin film glazing
improves the performance of a transpired solar collector. The plot in Figure 37 shows the
average useful energy as a function of suction velocity at constant flux levels of 1000 and 800
W/m2 for a glazed and unglazed HDPE collector.
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Figure 37: Glazed vs. Unglazed: Qu = f (v0 ) Note: Both absorber plates are HDPE
material with P = 2.54 cm, the glazed collector uses a greenhouse film material with P =
2.54 cm.
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The results indicate a significant improvement in terms of useful heat gain when utilizing
a glazing layer. At a constant flux of 1000 W/m2 , the collector with the glazing had, on
average, a 29% higher useful heat gain than the unglazed collector. At a constant flux of
800 W/m2 , the collector with the glazing had, on average, a 26% higher useful heat gain
than the unglazed collector. The glazed collector at a constant flux of 800 W/m2 almost
performed just as well as an unglazed collector at a constant flux of 1000 W/m2 .
The primary reason the glazing improves the useful heat gain is that less radiant losses
occur. As shown in Figure 38, the average efficiency as a function of suction velocity is much
higher at both flux levels for the glazed collector. For a constant flux of 1000 W/m2 , the
average efficiency of the glazed collector is 29% higher than the efficiency of the unglazed
collector.
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Figure 38: Glazed vs. Unglazed: ⌘ = f (v0 ) Note: Both absorber plates are HDPE material
with P = 2.54 cm, the glazed collector uses a greenhouse film material with P = 2.54 cm.
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The plot in Figure 39 further highlights the di↵erence in performance between glazed and
unglazed collectors regarding temperature change. For each suction velocity, the collector
with the glazing had a higher temperature rise than the unglazed collector for each constant
flux. As expected, the glazing’s ability to retain radiant heat better improves performance,
e↵ectively leading to higher di↵erences between inlet and outlet air temperatures. Because
the glazing results in higher temperatures, it may open some application possibilities that
require higher temperatures.
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Figure 39: Glazed vs. Unglazed: T = f (v0 ) Note: Both absorber plates are HDPE
material with P = 2.54 cm, the glazed collector uses a greenhouse film material with P =
2.54 cm.
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5.7

Summary of Results and Comparisons

• The useful heat gain, efficiency, and temperature change for a variety of transpired
solar collectors were measured over a range of suction velocities from 0.005 to 0.047
m/s at constant flux levels of 600, 800, and 1000 W/m2 .
– The trends observed by Kutscher et al. and Van Decker et al. that useful heat
gain and efficiency increase with increasing suction velocity were verified [20, 38].
– The trends observed by Leon et al. that the temperature change between ambient
and outlet air decreases with increasing suction velocity were verified [9].
– The trend that useful heat gain, efficiency, and temperature change increase with
increasing solar flux was similar to the trend predicted by the Kutscher et al.
model [4].
• The performance of two new thin-film materials was evaluated
– HDXTM 6 mil high-density polyethylene (HDPE) plastic sheeting
– DewittTM 6 mil woven polypropylene (PP) plastic sheeting
– For a constant solar flux 600 and 800 W/m2 , the materials are quite comparable.
– For constant solar flux of 1000 W/m2 , the measured useful heat gain for the HDPE
material was 11% higher on average than the woven PP material. A deformation
e↵ect was observed for the HDPE material at this radiation level.
• The impact of pitch size was evaluated for an HDPE collector
– A square layout 2.54 cm pitch and a triangular 1.8 cm pitch were compared.
– The absorber with a smaller pitch of 1.8 cm was more efficient than the absorber
with a larger pitch at a constant flux of 800 W/m2 . At other flux values, the
di↵erence in performance was not distinguishable.
– The trend that efficiency increases with decreasing pitch size [9, 26] could not be
verified conclusively. Future testing should compare two collectors with a more
substantial di↵erence in hole pitch distance.
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• The impact of using perforated greenhouse film as a glazing plate was evaluated for
the first time in the field’s history.
– On average, the useful heat gain of the standard greenhouse film was 12% higher
than the infrared retention film at a constant flux of 1000 W/m2 .
– Compared to a collector with an unglazed HDPE absorber, a collector with a
standard greenhouse film glazing with the same absorber had a measured useful
heat gain that was 26% higher on average.
– Similarly, the glazed collector configuration was 29% more efficient than the
unglazed collector.
– The maximum temperature rise measured for a glazed collector was

T = 46.8 ±

0.50 °C, highlighting the potential of glazed TSCs in higher temperature applications.
• Considerable noise in the experimental results was observed.
– Changes in the wind speed and the wind direction between tests may cause differences in performance, but a distinct relationship was not established in this
study.
– The assumed experimental uncertainty cannot solely explain the variability in
data for identical tests.
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6

Performance Modeling

6.1

Theory

Recall from Section 4.1 the total amount of useful heat gain by a transpired solar collector
is given by:
Qu = Qsolar

Qloss = ṁcp (Tout

Tin ).

(6.1)

Qu is the result of heat from solar radiation minus the resulting convective and radiative
losses that occur. Also defined earlier, the amount of solar heating on the collector face is
given by:
Qsolar = (⌧ ↵)c Ic Ac ,

(6.2)

where ↵c is the solar absorptance of the collector, Ic is the incident solar radiation on the
face of the collector, and Ac is the area of the absorber. ⌧c is the solar transmittance of the
glazing material, but for an unglazed transpired collector ⌧c = 1. The heat loss is assumed
to be linearly related to the temperature di↵erence:
Qlosses = U Ac (Tcoll

Tamb ),

(6.3)

where Tcoll is the average absorber plate surface temperature. Instead of using hr and hc
to denote the radiative and convective heat coefficients as done by Kutscher et al. [4], the
term U is used to represent the overall heat transfer coefficient. This simplifies the model
and is reasonable since most transpired applications operate in a small temperature range,
therefore, minimizing the impact of the nonlinear radiation contribution. Now, substituting
Eq. (6.2) and (6.3) into Eq. (6.1) we have:
Qu = (⌧ ↵)c Ic Ac

U Ac (Tcoll

Tamb ) = ṁcp (Tout

Tamb )

(6.4)

The collector heat exchange e↵ectiveness, EHX , is given by the temperature di↵erence ratio:
EHX =

Tout
Tcoll
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Tamb
Tamb

(6.5)

Recall that the mass flow rate can also be expressed as the following:
ṁ = ⇢vo Ac

(6.6)

As previously stated, the suction velocity, v0 , is the average speed of ambient air being drawn
into the collector surface, specifically the volumetric flow rate divided by the collector surface
area. Substituting Eq. (6.6) into Eq. (6.4) we have:
(⌧ ↵)c Ic Ac

U Ac (Tcoll

Tamb ) = ⇢v0 Ac cp (Tout

Tamb )

(6.7)

Substituting in Eq. (6.5) and rearranging terms we have the following expression:
U
EHX

=

(⌧ ↵)c Ic
Tout Tamb

⇢cp v0

(6.8)

The performance parameter, U/EHX (with units W/m2 K), is unique to a specific collector
configuration and can be measured and used to predict performance. U/EHX is plotted
against solar flux and suction velocities in Figure 40 to determine a correlation. Besides
being a function of collector geometry, U can also be dependent on variations in hc and hr ,
which are impacted by wind speeds, suction velocity, solar flux, and collector temperature.
As shown by Kutscher et al., EHX is a function of wind speed and suction velocity in addition
to collector geometry. Note that the propagation of uncertainty in the performance term,
U/EHX , is expressed as:

U
EHX

=

s

I c ⌧c
↵c
T

2

+

Ic ↵c
⌧c
T

2

+

(⌧ ↵)c
Ic
T
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2

+

(⌧ ↵)c Ic
( T )2

T

2

+

⇢cp v0

2

(6.9)

In Figure 40, U/EHX is plotted as a function of suction velocity over a range of fluxes for
both a glazed and unglazed HDPE collector. The average value for U/EHX for each collector
is given by the two horizontal dotted lines.
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Figure 40: U/EHX = f (v0 ) for an Unglazed and Glazed HDPE Absorber

The results indicate that U/EHX is higher for an unglazed collector than for a glazed collector.
This is reasonable since there is less heat loss for a glazed collector, as demonstrated in Section
5.6. It is possible that the spacing between the glazing and absorber layer might a↵ect the
performance term, U/EHX , for glazed transpired collectors. The holes in the glazing create
a series of impinging jets of air on the absorber surface; therefore, potentially increasing
the convection coefficient at the absorber surface. This increase leads to a higher collector
heat-exchange e↵ectiveness, EHX . Martin et al.’s model for an array of jet impingement on
a surface suggests that there may be an optimal distance between the glazing and absorber
that will yield the highest heat transfer coefficient, especially for higher flow rates [48]. The
influence of impinging jets was not evaluated in this study but could be considered in future
glazed collector experiments.
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Rearranging Eq. (6.7) and substituting in Eq. (6.5) and Eq. (6.8) yields an expression for
the temperature rise,

T , across the collector as:
(⌧ ↵)c Ic
(U/EHX + ⇢cp v0 )

T =

(6.10)

Substituting Eq. (6.10) into Eq. (6.1) yields:
(⌧ ↵)c Ic ⇢v0 Ac cp
U/EHX + ⇢cp v0

(6.11)

(⌧ ↵)c Ic Ac
U/EHX ( ⇢cp1v0 ) + 1

(6.12)

Qu =

Qu =

Finally, the efficiency of the collector is given by:
⌘=

Qu
=
I c Ac

(⌧ ↵)c
( 1 )+1
EHX ⇢cp v0
U

(6.13)

Therefore the temperature rise, useful heat gain, and efficiency of a transpired solar collector
can be predicted for a given solar flux and suction velocity once U/EHX , ↵c , and ⌧c are known
for a particular collector configuration.
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6.2

Predicting Performance

6.2.1

Useful Heat Gain of a Collector

Eq. (6.8) was used to determine the performance parameter, U/EHX , for each collector
configuration, and an average value was computed. Consequently, Eq. (6.12) determines the
predicted useful heat gain using the average value of U/EHX . Uncertainty in Eq. (6.12) is
a result of the standard deviation in the measured values of U/EHX in addition to the individual error in measuring the collector materials transmittance and absorptance. Therefore,
propagation of uncertainty in the model for Qu is expressed as:
0
Qu

=

s

Ac ⌧ c I c
↵c
1
+1
EHX ⇢cp v0
U

2

+

Ac ↵c Ic
⌧c
1
+1
EHX ⇢cp v0
U

2

+

Ac (⌧ ↵)c Ic ⇢cp v0 U
U
( EHX
+ ⇢cp v0 )2 EHX

2

(6.14)

The plot in Figure 41 shows an acceptable agreement between the measured useful heat
gain of an unglazed HDPE collector and the gain predicted by the model. The plot also
indicates that Eq. (6.12) tends to underpredict the useful heat gain almost as frequently as
it over predicts. The R-squared value of the plot indicates that the useful heat gain of a
collector can be reasonably predicted using an average value of U/EHX .
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Figure 41: Modeled vs. Measured: Qu for an Unglazed HDPE Collector
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700

Figures 42 - 43 further highlight the quality of the model in which the percent error in Eq.
(6.12) is plotted over a range of suction velocities and solar fluxes, respectively. The results
indicate that the useful heat gain model for an unglazed absorber is generally within 10% of
the actual value. The model may have some dependency on the suction velocity, v0 , but a
definitive correlation was not identified in this study.
20%

Eq. (6.12) Qu Percent Error (%)

15%
10%
5%
0%
-5%
-10%
-15%
-20%
0.000

0.010

0.020

0.030

0.040

0.050

v0 (m/s)

Figure 42: Percent Error in Eq. (6.12): Qu = f (v0 ) of an Unglazed HDPE Absorber

The model may be dependent on the incident solar flux based on the percent error plot in
Figure 43. However, more data for higher fluxes may make the dependency more apparent.
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Figure 43: Percent Error in Eq. (6.12): Qu = f (Ic ) of an Unglazed HDPE Absorber
The percent error was also plotted against the wind speed, U1 , and wind direction to
determine the model’s dependence on wind conditions. The randomness of residuals suggests
that the wind does not have a direct correlation to the output of the current model. The
inability to control the wind conditions, such that experiments can be performed under
constant wind speeds and directions, may impede the model’s ability to capture the e↵ect.
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Figure 44: Percent Error in Eq. (6.12): Qu = f (U1 ) of an Unglazed HDPE Absorber
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Similarly, Eq. (6.12) was applied to the same collector, but with a transpired glazing layer.
In Figure 45, the useful heat gain predicted by the model was plotted against the actual
measured useful heat gain. The slope indicates that the model tends to underestimate high
useful heat gains and overestimate lower useful heat gains.
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Figure 45: Modeled vs. Measured: Qu for a Glazed HDPE Collector

Additionally, the percent error in the model of Qu as a function of suction velocity and
solar flux is plotted in Figures 46 and 47, respectively. Results from these plots show that
generally, the model is within 15% error. There is not a strong correlation between the
suction velocity and the useful heat gain percent error . However, some correlation between
the solar flux and the error in the model does exist. A majority of the error exists at fluxes
of 600 and 1000 W/m2 . A positive error implies that the model is over predicting the useful
heat gain.
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Figure 46: Percent Error in Eq. (6.12): Qu = f (v0 ) of an Glazed HDPE Absorber
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Figure 47: Percent Error in Eq. (6.12): Qu = f (Ic ) of an Glazed HDPE Absorber
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6.2.2

Efficiency of a Collector

The efficiency of a collector is predicted using Eq. (6.13) and an average value of U/EHX
specific to each collector configuration. The plot in Figure 48 shows a comparison between
the measured efficiency and the modeled efficiency. The propagation of uncertainty in the
efficiency model is defined as:

0
⌘

=

s

⌧c
U
EHX

1
⇢cp v0

+1

↵c

2

+

↵c
U
EHX

1
⇢cp v0

+1

⌧c

2

+

(⌧ ↵)c ⇢cp v0
U
2
( EHX + ⇢cp v0 ) EHX

2

(6.15)

U

The plot demonstrates reasonable agreement between the measured efficiency and the
efficiency predicted by Eq. (6.13) for an unglazed HDPE collector. A linear fit trend line
yields an R-squared value of 0.96 and a slope of 0.93. Similar to the results shown in Figure
41, the model seems to underpredict as frequently as it overpredicts the efficiency.
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Figure 48: Modeled vs. Measured: Efficiency for Unglazed HDPE Collector
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In Figure 49, the same plot was generated but for a Glazed HDPE collector. The correlation between the measured and modeled values of efficiency are linear, but with a much
lower R-squared value of 0.85. Also, the error bars for the glazed collector are larger than
the error bars for the unglazed collector in Figure 48. The wider spread and larger error
bars are most likely due to the added glazing layer with a transmittance value of ⌧c = 0.87.
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Figure 49: Modeled vs. Measured: Efficiency for Glazed HDPE Collector
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100

6.2.3

Modeling Temperature Change of Collector

Lastly, the temperature change,

T , of an unglazed and glazed HDPE collector was

modeled using Eq. (6.10). The propagation of uncertainty in the
0

T

=

s

↵c Ic
⌧c
+
⇢c
v
p
0
EHX
U

2

+

⌧c I c
↵c
+
⇢c
v
p
0
EHX
U

2

+

T model is defined as:

(⌧ ↵)c Ic
U
( EHX + ⇢cp v0 )2 EHX

2

U

(6.16)

Figure 50 shows a comparison between the measured and modeled efficiency for an unglazed
HDPE collector. There is a substantial agreement between the measured and modeled
temperature change, especially when

T is less than 15° C. For temperature changes higher

than this, the trend becomes less linear as the model begins to underpredict the temperature
change more frequently.
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Figure 50: Modeled vs. Measured:
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T for Unglazed HDPE Collector

50

The plot in Figure 51 shows a similar comparison to the previous plot but for a glazed
HDPE collector. The agreement between the measured and modeled values for the glazed
collector appears to be stronger than with the unglazed collector, even for high-temperature
changes (30 °C and above). The model underpredicts the temperature change the most for
lower temperature changes (20 °C and below). A linear fit trend-line yields an R-squared
value of 0.98 and has a slope of 1.04. The wide error bars are primarily due to the fact an
average value of 12.2 W/m2 K for U/EHX was used to model the temperature change, and
the standard deviation was over a third of the average value (±4.3 W/m2 K).
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T for Glazed HDPE Collector
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7

Performance Simulation
In this chapter, we explore some potential applications for this novel collector and quantify

the energy and emission savings for the system. A MATLAB® simulation created with Dr.
Robert Stevens in the Sustainable Energy Lab at Rochester Institute of Technology was used
to model the useful heat gain and relative savings of any TSC. 2017 typical meteorological
year (TMY) data from NREL was used in the simulation in order to determine the incident
solar flux on a collector surface at a designated orientation for a given location. Using
this solar flux on the collector surface, we can then determine the useful energy gains and
temperature rises for every hour of the year. We considered corn drying in Cedar Rapids,
Iowa, and lumber drying in Eugene, Oregon. Moreover, the two collector configurations we
evaluated were an unglazed HDPE collector with a hole pitch of 2.54 cm and an identical
HDPE collector with an additional standard greenhouse glazing with a pitch of 2.54 cm.
Figure 52 shows an portion of the simulation outputs in which the solar radiation, and
useful energy from each collector is plotted every hour over a 10 day period. This data
represents a typical 10 day period in Cedar Rapids, IA. A similar plot was generated for the
other location of interest.
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Figure 52: Simulated Qu and Ic Derived from TMY2017 Data for Cedar Rapids, IA
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7.1

Corn Drying

The useful energy from the solar collector would displace fuel use from some traditional
heating system. The first case examined the propane displacement in the drying stage of corn
milling in Cedar Rapids, Iowa. Several scenarios were simulated under di↵erent tilt angles.
A tilt of 60° was selected to use in the analysis because it produced the highest useful heat
gain during the typical drying months at this location. The following assumptions were
made in the simulated model:
• The suction velocity is held constant at 0.05 m/s because it will yield a high useful
heat gain and because our model was not tested at higher speeds.
• Corn drying takes place right after harvest for the entire months of October and November [49].
• The collector orientation is fixed and oriented at true south.
• The kiln drying efficiency is 85%.
• The energy requirements and costs associated with fan operation were not considered.
• A fuel heating value of 50.30 MJ/kg for propane was used [50].
• According to the most recent data from U.S. Energy Information Agency, the average
cost of propane is approximately $2.40 per gallon and has a CO2 emission rate of 5.76
kg per gallon [51, 52].
Using the 2017 TMY data for Cedar Rapids, total amount of solar radiation incident
on the surface of this location is approximately 8.82 ⇥ 108 J/m2 . Table 5 shows the useful
energy, propane displacement, monetary savings, and reduction in CO2 emissions per 100
square meters of collector area for October and November.
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Table 5: Propane Displacement from TSC Simulation in Cedar Rapids, IA.
Note: Values are based on 100 m2 of collector area and only for October - November.

Qu

Propane Displaced

Savings

CO2 Reduction

(GJ/yr)

(gal./yr)

($/yr)

(kg/yr)

Unglazed HDPE

54.8

690

1,650

3,960

Glazed HDPE

59.7

750

1,800

4,310

Collector Type

As expected, the results indicate that a glazed collector generates more useful energy than
an unglazed collector under the assumed conditions. The unglazed and glazed collectors
produce monetary savings of $1,650 per year and $1,800 per year, respectively. We were
rather conservative in the length of the drying season in Iowa. Considering the cost of
HDPE sheeting is about $0.54 per square meter, we would only need to spend $54.00 to
purchase the required amount of absorber material. The cost of the greenhouse film for the
glazing is even cheaper at about $0.12 per square meter, hence, spending about $12.00 more
will increase the yearly useful heat gain and displace more propane from use. The framing,
blower, controls and installation would obviously add to the cost, but the collector appears
to be an attractive option from an economic standpoint simply based o↵ the potential yearly
savings.
Moreover, implementation the unglazed and glazed collector would reduce annual CO2
emissions by 3,960 kg and 4,310 kg, respectively. This reduction in CO2 emissions is not
trivial. The United States Environmental Protection Agency (EPA) reported that a typical
passenger vehicle emits about 4.6 metric tons of carbon dioxide a year [53]. Based on the
results of the simulation, the emissions reduction from a 100 square meter collector of either
configuration is nearly equivalent to removing 1 - 2 cars o↵ the road.
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7.2

Lumber Drying

We applied the useful heat gain model to another simulated scenario in which we determine
an estimated propane fuel displacement when TSC collectors are used in the lumber drying
process. Kalogirou et al. discussed the potential uses for solar heated air for lumber drying
[11]. We selected Eugene, Oregon as the location for this study because Oregon is one of
the largest producers of Douglas-firs, a type of pine tree used for lumber, in the United
States [54]. Note that the same assumptions in Section 7.1 for corn drying were applied to
this simulation with the exception that we estimate the drying to occur year round. Also, a
tilt angle of 30° was used in this simulation because out of the 8 di↵erent angles simulated
this tilt angle resulted in the highest useful heat gain. The surface of Eugene, Oregon receives
approximately 5.6 GJ of solar energy per square meter each year.
Table 6 shows the useful heat gain, propane displacement, monetary savings, and CO2
reduction for this simulated scenario. Similarly to the results in Table 5, the performance
of unglazed and glazed HDPE collectors are very comparable, with the glazed performing
slightly better per year. Based on the results of the simulation, the implementation of 100
square meters of either collector yields more substantial savings than the corn milling simulation. A full economic analysis in order to determine the actual payback period is beyond
the scope of this study; however, we do not anticipate the added costs of framing materials,
fan, and labor to be unreasonable high. Thus, implementing TSCs may be attractive to
lumber mill owners who are looking to o↵set propane usage and cut costs.
Table 6: Propane Displacement from TSC Simulation in Eugene, OR.
Note: Values are based on 100 m2 of collector area and for the entire year.

Qu

Propane Displaced

Savings

CO2 Reduction

(GJ/yr)

(gal./yr)

($/yr)

(kg/yr)

Unglazed HDPE

350

4,390

10,520

25,260

Glazed HDPE

380

4,780

11,470

27,520

Collector Type
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8

Conclusion

8.1

Research Overview

This is the first study in the history of the field that evaluates the impact of a transpired
glazing. Moreover, the materials used in this study for both the glazing and absorber plates
have never been examined before. A series of glazed and unglazed transpired solar collector
configurations were designed, constructed, and tested. Two perforated thin-film plastic
sheets were used for the absorber plates, namely, a 6 mil high-density polyethylene sheet
and a 6 mil polypropylene sheet. Two perforated greenhouse film sheets were used for the
glazing plates. The two glazing plates consisted of a standard greenhouse film comprised of a
clear low-density polyethylene and low-density polyethylene resin, and an infrared reduction
greenhouse film comprised of a clear linear polyethylene and ethylene-vinyl acetate resin.
Experiments were conducted from April 2019 through August 2019 in Rochester, NY. The
useful heat gain, thermal efficiency, and temperature rise were determined by measuring the
solar flux, airflow rate, and inlet and outlet temperature while the system is in a steady
state. Many tests were conducted to study the impact of the hole pitch, absorber material,
perforated glazing material, solar flux, and suction velocity. Experimental curve trends found
in transpired solar collector literature were verified even in the presence of noise in the data.
We determined that adding a perforated glazing layer to a transpired absorber significantly
improves performance and reduces relative heat losses.
The experimental data was fit to a mathematical model to predict useful heat gain, efficiency, and temperature rise. The results were modeled using an average value of U/EHX , a
performance parameter defined as the ratio between the total heat loss coefficient, U , and
the collector heat transfer e↵ectiveness, EHX . Most notably, this was the first study to model
transpired collector performance based o↵ this newly defined parameter. After analysis, we
determined that there is agreement between the measured values and the values predicted
by the model. There is significant uncertainty in the predicted results when an average value
of U/EHX is used, which suggests that there is some noise within the experimentation that
the model is not accounting for. Regardless, we were able to reasonably predict performance
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of various transpired collectors using only an average value of U/EHX and the measured
absorptance and transmittance of the materials.
Lastly, we developed a simulation using the model to determine potential applications for
these collector designs. Corn drying and lumber drying were the two applications that were
evaluated in this study. Based on the results, we conclude that including transpired collectors
into these two application processes can o↵set traditional fuel usage, increase savings, and
reduce carbon-dioxide emissions.

8.2

Further Research Opportunities

Future work should aim to validate and improve the existing model by expanding the
range of testing parameters.
• We can test at higher suction velocities such that our model’s accuracy increases when
applied to systems using suction velocities higher than 0.05 m/s. Although we did see
a decrease in the rate of change of efficiency, we did not see a saturation of efficiency
that was experienced by others who tested at higher suction velocities (i.e., Kutscher
et al. [4]).
• If we conduct more tests evaluating the e↵ect of absorbers with smaller hole pitch
(i.e., P n 1.8 cm) we may see a more distinct improvement in performance that was
observed by Van Decker et al. [38].
• Future work may also benefit from examining the e↵ect of the spacing distance between
the absorber and the glazing layer as mentioned in Section 6.1. Martin et al.’s theory
regarding impinging jet streams suggest there may be an optical spacing distance
between the glazing and absorber plates that will yield the greatest heat transfer [48].
Moreover, future work should try to further identify the sources of noise in the data.
• The noise in the data in which identical measurements yielded two di↵erent values over
separate testing days could be explained by the variability in the incident angle of the
collector throughout di↵erent times of the day. A future test one could conduct would
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be to measure the useful heat gain at a particular flux, then take another measurement
with the collector oriented at a di↵erent incident angle such that the flux is the same.
Then measure the useful heat gain again. If the two measured values are di↵erent it
would suggest the incident angle and the time of day the measurements are taken play
a role in the performance.
• Additionally, one could explore the e↵ects of the tilt angle and how it e↵ects the results.
The tilt of the collector was not held constant between testing days. It was merely
adjusted such that a constant flux of either 600, 800, or 1000 W/m2 was achieved.
The changes in tilt angle may e↵ect the radiative and convective losses experienced,
especially for unglazed configurations.
• As mentioned in Section 4.2, the direction of the wind incident on the collector may
impact overall performance. We observed that wind directed at the face of the collector generally improves performance, while wind directed at the back of the collector
generally degrades performance. We would first need to determine a method to isolate
the direction of the wind incident on either the back or front side of the test stand.
Constructing a wind tunnel that could accommodate the size of the current test stand
would likely be a costly endeavor. Hence, more research is required to determine an
adequate solution.
Lastly, a more indepth look into potential applications for transpired solar collectors is recommended, especially because of the attractive energy and money saving potential. A more in
depth cost analysis would provide a stronger argument as to whether or not implementation
of a transpired collector system would have a reasonable pay back period.
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